Abstract Staphylococcus aureus is a dangerous bacterial pathogen whose clinical impact has been amplified by the emergence and rapid spread of antibiotic resistance. In the search for more effective therapeutic strategies, great effort has been placed on the study and development of staphylolytic enzymes, which benefit from high potency activity toward drug-resistant strains, and a low inherent susceptibility to emergence of new resistance phenotypes. To date, the majority of therapeutic candidates have derived from either bacteriophage or environmental competitors of S. aureus. Little to no consideration has been given to cis-acting autolysins that represent key elements in the bacterium's endogenous cell wall maintenance and recycling machinery. In this study, five putative autolysins were cloned from the S. aureus genome, and their activities were evaluated. Four of these novel enzymes, or component domains thereof, demonstrated lytic activity toward live S. aureus cells, but their potencies were 10s to 1000s of times lower than that of the well-characterized therapeutic candidate lysostaphin. We hypothesized that their poor activities were due in part to suboptimal cell wall targeting associated with their native cell wall binding domains, and we sought to enhance their antibacterial potential via chimeragenesis with the peptidoglycan binding domain of lysostaphin. The most potent chimera exhibited a 140-fold increase in lytic rate, bringing it within 8-fold of lysostaphin. While this enzyme was sensitive to certain biologically relevant environmental factors and failed to exhibit a measurable minimal inhibitory concentration, it was able to kill lysostaphin-resistant S. aureus and ultimately proved active in lung surfactant. We conclude that the S. aureus proteome represents a rich and untapped reservoir of novel antibacterial enzymes, and we demonstrate enhanced bacteriolytic activity via improved cell wall targeting of autolysin catalytic domains.
Introduction
Staphylococcus aureus poses a significant threat to human health, and its widespread antibiotic resistance has rendered it a top priority for both US domestic and global health care organizations (Centers for Disease Control and Prevention 2013; World Health Organization 2014) . As with other bacterial pathogens, S. aureus has proven capable of rapidly subverting new antibacterial chemotherapies (Taubes 2008) , and the increased morbidity, mortality, and costs associated with drug-resistant S. aureus infections (Cosgrove et al. 2005; Shurland et al. 2007 ) is motivating a search for next generation antibacterial agents.
Bacteriolytic enzymes are drawing increasing interest as potential alternatives to traditional small molecule antimicrobials (Szweda et al. 2012) . These antibacterial biocatalysts target and degrade bacterial peptidoglycan, thereby compromising cell wall integrity and ultimately causing lysis and death. Staphylolytic enzymes in particular possess a number of beneficial features relevant to therapeutic applications. They generally exhibit high substrate and cellular specificity, they are active against drug-resistant strains, they elicit new resistance phenotypes at a low rate, and their catalytic modes of action render them highly potent antibacterial agents (Pastagia et al. 2013) .
Lysostaphin (LST) is perhaps the most extensively studied staphylolytic enzyme, and several decades of research have shown the molecule to have potent anti-staphylococcal activity in vitro, in a variety of preclinical animal models and in human subjects (Kokai-Kun 2012) . LST is composed of an Nterminal glycylglycine zinc endopeptidase domain and a Cterminal SH3 cell wall binding domain (CWBD) (Sabala et al. 2014) , which together target and degrade the pentaglycine crosslinks in S. aureus cell walls. Due to the enzyme's specificity for this pentaglycine crosslink, some S. aureus strains readily develop spontaneous resistance toward LST through cell wall modification, although this resistance comes at the cost of reduced fitness and hypersusceptibility to beta-lactam antibiotics (Kusuma et al. 2007; Ling and Berger-Bachi 1998) .
In addition to LST, phage endolysins have proven to be another productive source of staphylolytic drug candidates. Like LST, these virion-associated lysins exhibit a modular architecture containing both catalytic and CWBDs. Among the former are N-acetyl-β-D-glucosaminidases, Nacetylmuramidases, N-acetylmuramoyl-L-alanine amidases ( M u r N A c -L A A ) , c y s t e i n e / h i s t i d i n e -d e p e n d e n t aminohydrolases/endopeptidases (CHAP), and a variety of other endopeptidases (Pastagia et al. 2013) . Combined with these substrate-selective catalytic domains, lysins' CWBDs provide an additional element of cellular specificity. While there exists a variety of lysin targeting motifs, two prominent classes include the src homology 3 (SH3) and lysin motif domains (LysM), both of which can home to various molecular targets on the bacterial surface (Buist et al. 2008; Whisstock and Lesk 1999) . Similar to LST, phage lysins exhibit fast lysis kinetics and are effective at clearing S. aureus infections in vivo; in contrast to LST, they tend to elicit bacterial resistance at an especially low rate (Rodríguez-Rubio et al. 2013; Schuch et al. 2014; Singh et al. 2014) .
As opposed to the widely studied bacteriocins (e.g., LST) and phage endolysins, little to no consideration has been given to bacterial autolysins as a potential source of antibacterial enzymes. Autolysins are endogenous cell wall hydrolases involved in various aspects of bacterial physiology. They play important roles in processes such as cell division, autolysis (programmed death), peptidoglycan recycling, and biofilm formation (Thomas and Hancock 2009; Vollmer et al. 2008) . Given their critical biological functions yet lethal potential, autolysin activities must be precisely regulated through tight transcriptional, translational, and post-translational controls. For example, overexpression of S. aureus autolysin LytN results in cell lysis and death, yet disruption of LytN expression results in structural damage to the cell wall, altered cellular morphology, and marked growth defects (Frankel et al. 2011) . Similar effects have been seen upon knockout of the Atl autolysin in S. aureus (Takahashi et al. 2001) . These observations suggest that, if autolysins could be harnessed as antibacterial agents, rates of resistance development might be exceeding low.
While the concept of autolysin-based enzyme therapies is intriguing, to date, the enzymes have failed to yield impressive results when used as exogenous lytic agents. The addition of the mature form of autolysin LytM to S. aureus bacterial suspensions results in marginal rates of bacterial lysis (Sabala et al. 2012) , and similarly, poor lytic activity is observed with recombinantly produced LytN (Frankel and Schneewind 2012) . Not surprisingly, LytM also fails to exhibit therapeutic efficacy in a murine model of S. aureus skin infection (Sabala et al. 2012) . The lack of potent lytic activity among autolysins is due in part to suboptimal (from a therapeutic perspective) targeting to the bacterial cell wall. For example, as part of their natural function, the S. aureus autolysins Sle1, LytN, and Atl all localize specifically to the septal cross-wall of dividing cells (Frankel and Schneewind 2012; Gotz et al. 2014; Schlag et al. 2010) . While this specific localization is critical to normal bacterial physiology, it presumably limits cell wall exposure upon exogenous addition of these enzymes to bacterial suspensions. In a different example of suboptimal localization, the autolysin LytM lacks any CWBD (Sabala et al. 2012) , resulting in a similar deficit in cell wall targeting. In contrast, the SH3 CWBD of LST binds specifically to the pentaglycine crosslinks in S. aureus peptidoglycan, and as a result, it has been shown to bind ubiquitously throughout the bacterial cell wall (Grundling and Schneewind 2006) . Notably, truncation of the LST's CWBD results in a substantial reduction in lytic activity (Gargis et al. 2010; Osipovitch and Griswold 2015) , a fact that underscores the critical nature of lysin targeting to the bacterial cell surface.
The modular architecture of lysin enzymes lends itself to molecular engineering, and mix-and-match chimeragenesis has been used to great effect in improving the antibacterial activities of various phage endolysins (Fernandes et al. 2012; Singh et al. 2014) . In particular, the LST CWBD has proven to be a powerful fusion partner for creating highperformance synthetic lysins (Becker et al. 2009; Donovan et al. 2006; Mao et al. 2013; Rodriguez-Rubio et al. 2012; Schmelcher et al. 2012; Sundarrajan et al. 2014) . Thus, the LST CWBD presents one potential solution to the issue of suboptimal autolysin targeting. Indeed, in a prior pilot study, the lytic activity of LytM, which again lacks a CWBD, was enhanced more than 500-fold upon fusion to the LST CWBD (Osipovitch and Griswold 2015) . That early success prompted us to more broadly survey the S. aureus proteome for autolysins that might be leveraged as antibacterial agents. Here, we describe bioinformatic identification, cloning, and preliminary characterization of several putative S. aureus autolysins, and we demonstrate gain of function molecular engineering via chimeragenesis with the SH3 CWBD of LST.
Materials and methods

Materials
Common disposable and chemical materials were purchased from Fisher Scientific (Pittsburgh, PA, USA) and VWR International (Radnor, PA). Enzymes and reagents for cloning were from New England BioLabs (Ipswich, MA, USA), and oligonucleotides (25 nmol scale, standard desalting) were from Integrated DNA Technology (San Diego, CA, USA). Unless noted, all strains were from American Type Culture Collection (Manassas, VA). All other materials are described.
Bioinformatics and construct design
The Simple Modular Architecture Research Tool (SMART; Letunic et al. 2014; Schultz et al. 1998 ) was used to search for two known cell wall binding domains, LysM and SH3, within the S. aureus subsp. aureus NCTC 8325 genome. Hits from SMART were cross-referenced with the NCBI conserved domain search (Marchler-Bauer et al. 2011) to ensure that proteins with the CWBDs also contained predicted catalytic domains.
For designing constructs, SignalP (Petersen et al. 2011 ) was used to find predicted signal sequences, which were removed during cloning. JPred3 (Cole et al. 2008 ) was used to predict secondary structure information about the proteins. Truncations were made in predicted unstructured regions of the proteins to increase the likelihood of stable variants.
Cloning and expression
Whole cell lysates of S. aureus SA113 (ATCC® 35556™) were used as templates for cloning of the autolysins. Genes were amplified using the primer pairs shown in Table S1 . The 5′ ends of the genes were appended with an NcoI restriction site and the 3′ ends with a BamHI restriction site. These restriction sites were then used to clone into a modified pET26b vector (EMD Millipore, Darmstadt, Germany), which coded for a 5′-hexahistidine tag followed by a serine-methioninealanine linker (Osipovitch and Griswold 2015) .
For the fusions, the LST cell wall binding domain was amplified with the LBD Vector primer pair (Table S1 ). The 5′ primer appended a 5′ NcoI site with an internal BamHI site, and the 3′ primer appended a HindIII site. NcoI and HindIII were used to clone the LST cell wall binding domain (LBD) into the modified PET26b vector described above (Osipovitch and Griswold 2015) . This vector was then used to clone all fusions using NcoI and BamHI, retaining the 5′ hexahistidine and serine-methionine-alanine linker and including a glycineserine linker between the autolysin catalytic domain and the LBD. The primers used for specific fusions are listed in Table S1 .
All ligated vectors were transformed by electroporation into Escherichia coli DH5α [F − endA1 glnV44 thi-1 recA1
, plated onto lysogeny broth (Becton Dickinson, East Rutherford, NJ) supplemented with 30 μg/mL kanamycin, grown over night at 37°C, and then purified using a QIAprep Spin Miniprep Kit (Qiagen; Venlo, Netherlands). Vectors were then sequence verified before being finally transformed into the
Proteins were expressed and purified in the manner previously described (Osipovitch and Griswold 2015) , with minor changes as noted in Table S2 . Protein purity was assessed by mixing samples with 4× Laemmli sample buffer (Bio-Rad, Hercules, CA) and running them on a 12 % SDS-PAGE gel (Bio-Rad). Gels were destained by boiling in water and then stained with GelCode Blue protein stain (Thermo Fisher Scientific), as per the instructions.
SyTox kinetic assay
Kinetic assays were performed essentially as previously described (Osipovitch and Griswold 2015) . To maintain consistency between assays, uniform frozen starter stocks of S. aureus SA113 were made. An overnight culture of SA113 grown in trypticase soy broth (TSB, Becton Dickinson) was mixed to a final percentage of 10-12 % glycerol. Cells were aliquoted into sterile tubes for a total of two optical density units (ODs) per tube and were then stored at −80°C. Prior to the kinetic assay, one aliquot of cells was thawed, added to 25 mL of TSB in a 125 mL baffle flask, and grown at 37°C with shaking at 250 rpm for 3 h. After 3 h of growth, the OD 600 of the cells were 1.4±0.1 (mean±st. dev.). Cells were harvested by centrifugation, washed once with PBS pH 7.3 (Green and Sambrook 2012) , and then suspended in PBS pH 7.3 to a final OD 600 of 2. The assay was performed in black 96-well plates, and the wells consisted of 250 μL PBS containing cells at a final OD 600 of 1, SYTOX Green at 5 μM, and enzyme at the specified concentrations. Mean fluorescence intensity readings were taken every 20-30 s on a SpectroMax Gemini plate reader (Molecular Devices, Sunnyvale, CA) using an excitation of 504 nm and emission of 523 nm. Kinetic data was analyzed in Microsoft Excel (Redmond, WA) by determining the slope of the steepest linear region in the lysis curve. Statistical analyses and data presentation were produced in Prism v.5 software (La Jolla, CA).
Variations of the SyTox assay
In all variations of the assay, the total volume of 250 μL and final SYTOX Green concentration of 5 μM were maintained. For the Michaelis-Menten analyses, the wells were supplemented with 0.1 % bovine serum albumin, and various dilutions of the cells were made. In the minimal inhibitory concentration (MIC) medium assay modification, PBS was replaced by Mueller Hinton II Broth (MHIIB)+2 % NaCl. In the salt dependency assay, salt stocks at pH 7.3 were diluted appropriately into the assay. In the human serum assay, wells were supplemented with the noted percentages of human serum (Sigma-Aldrich, St. Louis, MO). For the lung surfactant assay, Infasurf was kindly provided by Ony Inc. (Amherst, NY). The appropriate dilution of Infasurf was added to each well containing PBS and enzyme and was mixed by pipet in order to suspend the surfactant.
Kinetic assay with resistant cells
Two strains were kindly provided by Dr. Gary Sloan (University of Alabama): RN4220 containing an empty PLI50 vector and RN4200 containing the same vector encoding the End/Epr genes (Dehart et al. 1995; Gargis et al. 2010) . Both strains were maintained in liquid or solid TSB supplemented with 34 μg/mL chloramphenicol (TSBCm34). For the assay, single colonies were used to inoculate 3 mL TSB-Cm34 and were then grown overnight at 37°C with shaking. Cells were then subcultured and grown to an OD 600 of about 1. Cells were prepared in the same manner as described in the BSYTOX kinetic assay^section above, and the assay was run and analyzed in the same manner.
Melting temperatures
Differential scanning fluorimetry was performed essentially as reported (Niesen et al. 2007 ) with modifications as described previously (Osipovitch et al. 2012) .
Results
Bioinformatics search for novel autolysins
In our pursuit of novel autolysins that might be co-opted as antibacterial candidates, we first performed a SMART search (Letunic et al. 2014; Schultz et al. 1998) for LysM and SH3 binding domains in the S. aureus subsp. aureus NTCC 8325 proteome. While S. aureus autolysins do not universally encode such CWBD (e.g., the LytM autolysin), we reasoned that the prevalence of these domains among known autolysins suggested a logical filter by which to identify novel candidates. The SMART search resulted in a list of ten proteins (Table S3 ) that were then cross-referenced with the NCBI conserved domain search (Marchler-Bauer et al. 2011 ) in order to remove any hits that did not also contain putative catalytic domains. Lastly, any proteins that had already been described (i.e., Sle1 and LytN) were removed. After culling the list, five putative proteins remained (Table 1) .
While two of the candidate autolysins exhibited similarity to previously studied proteins, none of the five enzymes described here had been experimentally characterized. To avoid future ambiguity, we assigned the Bautolysin^candidate protein (Table 1 ) and the new, unique identifier BLytO^, which is consistent with S. aureus autolysin nomenclature. LytO shares 92 % sequence identity with the previously described protein LytA (UniProt ID P24556) (Wang et al. 1991) . The majority of the two sequences are 100 % identical, with the exception of an R13W mutation and a region between amino acids 126 and 166 that has little homology. When LytA is BLASTed against the S. aureus subsp. aureus NTCC 8325 genome, LytO is the top hit, and thus, LytA itself is not encoded in the 8325 genome. We speculate that the two homologs serve the same role in different strains. SsaALP is named for its similarity to the Staphylococcal secretory antigen A protein (SsaA; UniProt ID Q2FV55) that has been associated with S. aureus pathogenicity (Martin et al. 2002; Resch et al. 2005) . The two proteins share 54 % identity between amino acids 141-265 of SsaALP and 131-255 of SsaA, regions that encompass their predicted CHAP domains, respectively. All five candidate proteins were BLASTed against the UniProt Knowledgebase, and each yielded at least 1000 hits with 98-100 % similarity across a multitude of S. aureus strains and, in some cases, phage. Importantly, none of the candidate autolysins from Table 1 appear to have been validated beyond prediction and homology, supporting the claim of these enzymes' novelty. At least three classes of catalytic domains were represented in the final list of autolysin candidates (Fig. 1) . Most of the selected enzymes contained a CHAP domain, although LytH bore only a MurNAc-LAA domain. The PH protein contained both CHAP and MurNAc-LAA domains. Three of the five enzymes bore SH3 domains, which were arrayed both Nterminally (LytH) and C-terminally (LytO and PH). SsaALP contained two repeating LysM domains, a motif also seen in other autolysins (Frankel et al. 2011 ). The peptidoglycan recognition protein (PGRP) domain of LytO has an unknown function, although mammalian PGRP domains can exhibit both peptidoglycan binding as well as amidase properties (Dziarski and Gupta 2006) . Overall, the CWBD search strategy yielded a small but diverse panel of novel autolysin candidates.
Expression, activity, and stability analysis Given the lack of experimental validation for our candidate autolysins, we next sought to assess the proteins' expressibility and lytic activity. In addition to testing the full-length constructs, we also evaluated various domain truncations (Fig. 1) . The full-length and truncated coding sequences were each appended with an N-terminal His 6 tag, cloned into the pET26b expression vector, and transformed into E. coli BL21 (DE3). With the exception of the PH truncations, all of the expression constructs yielded soluble protein, and most of the proteins were isolated with reasonable purity in one to two chromatography steps (Table S2) . Polyacrylamide gel analysis suggested that many of the proteins experienced some degree of proteolytic degradation (Fig. S1 ), but notably, protease inhibitors had been specifically excluded from the preparations so as to avoid inactivation of the autolysins themselves. In contrast to all other constructs, SsaALP Full failed to produce any protein of the expected molecular weight (26.9 kDa), yielding instead a single prominent band at 15 kDa. Given the metal ion affinity purification and the N-terminal location of the His 6 tag, the observed SsaALP Full product would not be expected to contain the CHAP domain (see Fig. 1 ). In all other cases, however, the partially purified preparations were deemed suitable for preliminary testing of lytic activity.
The activities of the enzyme preparations were determined with live S. aureus SA113 cells using a fluorescence kinetic assay as previously described (Osipovitch and Griswold 2015) . Six of the 11 constructs tested exhibited detectable lytic On the left is the construct name, followed by the corresponding amino acid numbers of the truncations. On the right is the illustration of each construct. Domain names and amino acid numbers were obtained from the NCBI conserved domain search, and abbreviations are as follows: CHAP cysteine/histidinedependent amidohydrolase/peptidase, MurNAc-LAA Nacetylmuramoyl-L-alanine amidase, PGRP peptidoglycan recognition proteins, SH3 bacterial SRC homology 3 domain, LysM lysin motif. Dark grays represent purported catalytic domains, and light grays represent purported cell wall binding domains. The function of the PGRP domain, black, is currently unknown activity against S. aureus (Fig. 2a) . Compared to the potent bacteriocin LST, however, the enzymes were one to three orders of magnitude less active, although LytO Full and LDP Full were significantly more active than the truncated LST catalytic domain (LST ΔCWBD , having a deleted SH3 CWBD). As predicted, truncation of the putative LytO SH3 and LDP LysM domains decreased the activities of the respective enzymes, presumably as a result of decreased cell wall localization. Additionally, the LytO PGRP-SH3 construct had no inherent lytic activity under the conditions tested, while the LytO CHAP-PRGP construct, which lacked the SH3 cell wall binding domain, exhibited higher activity than the LytO CHAP domain alone (Fig. 2a) . These observations suggest that the LytO PRGP domain contributes to cell wall targeting. Finally, the degraded SsaALP Full construct displayed no lytic activity, a result consistent with the expected lack of a catalytic domain in this proteolyzed product.
The effects of domain truncation on thermostability were assessed by differential scanning fluorimetry. All constructs exhibited apparent melting temperatures (T m ) greater than 35°C (Fig. 2b) , with the exception of LytH, which was found to have a relatively low T m =34°C. In general, domain truncation did not result in substantial changes in thermostability. The SsaALP CHAP construct was the one exception, exhibiting a 6°C reduction in T m relative to SsaALP Full , which was not in fact the originally intended full-length protein but was instead a fragment likely containing only the LysM domains.
Chimeragenesis with the lysostaphin SH3 domain Motivated by our previous success enhancing the activity of LytM via chimeragenesis with the LST CWBD (Osipovitch and Griswold 2015), we employed a similar molecular engineering strategy with candidate autolysins of the current study. Fig. 2 Preliminary characterization of autolysins and chimeras. a Specific activities of the autolysins against live SA113 cells as measured by the SYTOX fluorescence kinetic assay. Lysins were tested up to 50 μg per 250 μL reaction. The LST ΔCWBD designation represents the LST's catalytic domain, for which kinetic data was previously published (Osipovitch and Griswold 2015) . b Melting temperatures of autolysins using differential scanning fluorimetry. c Specific activity of chimeric lysins against live SA113 cells as determined by the SYTOX fluorescent assay. The LBD designation represents LST binding domain chimeras. LytH-LBD was tested up to 100 μg (14 μM), and the concentrations of the other enzymes were as follows: LytO-LBD=800 ng (100 nM), SsaALP-LBD=700 ng (100 nM), and PH-LBD=1250 ng (162 nM). d Melting temperatures of chimeras. ΔMFI s −1 (change in mean fluorescence intensity per second) represents the slope of the steepest linear region of the lysis curve. All error bars represent standard deviations from two or more technical replicates Chimeric proteins were generated by genetically fusing the catalytic domains of the five autolysins (MurNAc-LAA for LytH; CHAP for the rest) to the LST CWBD (fusions referred to hereafter as LytH-LBD, LytO-LBD, SsaALP-LBD, LDP-LBD, and PH-LBD). LytH-LBD, LytO-LBD, and SsaALP-LBD expressed and purified well, while PH-LBD had low purified yields, and LDP-LBD was insoluble (Fig. S2 , Table S2 ).
Preliminary kinetic assays were run with live S. aureus to benchmark the lytic activities of the soluble chimeric lysins. Similar to the LytH Full and LytH MurNAc constructs, the LytH-LBD chimera had no detectable lytic activity (Fig. 2c) . The specific activity of LytO-LBD appeared similar to that of the full-length autolysin construct LytO Full , although quantification of the latter required 5-fold higher concentrations of protein. The SsaALP-LBD chimera was 140-fold more active than the SsaALP CHAP truncation, placing it within 8-fold of the LST gold standard. While PH Full exhibited no detectable activity, the PH-LBD chimera was able to lyse S. aureus cells, providing evidence of a functional CHAP domain and suggesting that PH may in fact represent a novel autolysin. Ultimately, however, the PH-LBD construct was not carried forward into detailed characterization due to material limitations.
The thermostability of the chimeric constructs was assessed by differential scanning fluorimetry, and relative to their parent autolysins, the chimeras exhibited equivalent or higher melting temperatures (Fig. 2d) . The LytH-LBD in particular showed a striking 20°C increase in T m relative to LytH Full . Thus, fusion to the LST CWBD does not have a detrimental effect on the stability of the autolysin candidates, but rather in some cases, it manifests a stabilizing effect.
Detailed kinetics of LytO-LBD and SsaALP-LBD
Preliminary studies had identified LytO-LBD and SsaALP-LBD as the two most promising constructs, and these chimeras were therefore subjected to more rigorous kinetic analysis and comparison to the LST benchmark. Using previously described pseudo-Michaelis-Menten methods (Scanlon et al. 2010; Surovtsev et al. 2004) , we leveraged our fluorescence kinetic assay to study S. aureus lysis rates in greater detail. As part of optimizing the assay conditions, measurements were initially made at two different enzyme concentrations: 200 and 400 ng/mL (equating to 7.4 and 14.8 nM for LST and SsaALP-LBP and 6.5 and 12.9 nM for LytO-LBP). The data were readily fit to saturating enzyme kinetic curves (Fig. 3a) , although the highest cellular substrate concentration resulted in lower than predicted rates and was therefore dropped from the analyses. This phenomenon is typical of pseudoMichaelis-Menten studies on lytic enzymes using whole cell substrate, and as opposed to true substrate inhibition, we hypothesize that this effect reflects a Btitrating out^of the enzymes across increasing numbers of cellular targets and a subsequent reduction in lysis rates for individual bacteria. Using only data that fit the expected saturation curves, apparent V max and K m values were extracted for each of the three enzymes (Fig. 3b) . This more detailed analysis showed that the maximum reaction velocity of LytO-LBD was only 3-fold lower than that of LST, and SsaALP-LBD was only 20-30 % less active than LST at V max . Thus, the CHAP domains of LytO and SsaALP do in fact have high inherent hydrolytic activity. On the other hand, LytO-LBD and SsaALP-LBD have higher apparent K m values, indicating that they require 3-to 4-fold greater cell concentrations to achieve 50 % maximum reaction velocity. This result is somewhat counterintuitive, given that all three enzymes bear the SH3 CWBD derived from LST. However, cellular targeting and subsequent enzymatic hydrolysis of peptidoglycan is a complex and multifaceted process, and the mechanistic significance of the apparent Michaelis-Menten parameters should not be over interpreted.
Interestingly, the kinetic analysis at two different enzyme concentrations yielded somewhat different results for both LytO-LBP and SsaALP-LBP. V max is expected to be proportional to the amount of enzyme in the assay, and doubling enzyme concentration, as done here, should result in a 2-fold higher V max . The expected increase was observed with LST, but V max increased by only 1.6-fold for LytO-LBP and 1.9-fold for SsaALP-LBP (Fig. 3b) . The observed deviations were highly reproducible, which led us to probe the effect of enzyme concentration more carefully.
To more broadly assess the effect of enzyme concentration on specific rates of bacterial lysis, we performed fluorescence kinetic assays in which we fixed the concentration of bacterial cells while varying the concentration of enzyme over an order of magnitude (Fig. 4) . Consistent with the initial MichaelisMenten analysis, LST exhibited no significant difference in specific activity across the enzyme dilution series. In contrast, specific lytic rates of both LytO-LBP and SsaALP-LBP were dependent on enzyme concentration, where higher specific rates were observed with less enzyme. Again, these effects were highly reproducible. Thus, direct comparisons of lytic enzyme activities are perhaps only appropriate at identical enzyme concentrations, and more generally, we conclude that richer comparisons of lytic enzyme activity might be facilitated by enzyme titration curves, as shown in Fig. 4 .
Activity in biologic contexts
As a more conventional analysis of LytO-LBD and SsaALP-LBD antibacterial potential, we next sought to determine MIC in Mueller Hinton II broth supplemented with 2 % NaCl (MHIIB). Interestingly, neither enzyme prevented overnight outgrowth of S. aureus strain SA113 at the highest tested concentrations (2 μM). Given the enzymes' good kinetic activities, the failure to achieve a measureable MIC was surprising, particularly for SsaALP-LBD, whose specific activity was similar to that of an analogous LytM-LBD chimera that possessed MICs as low as 15 nM (Osipovitch and Griswold 2015) . This led us to test the effect of MHIIB medium on the kinetic activity of the enzymes. In MHIIB medium, LST and LytO-LBD retain 72 and 78 %, respectively, of their activities as measured in PBS, whereas SsaALP-LBD was more severely inhibited, retaining only 19 % of its original activity (Fig. 5a) . It was initially thought that the added salt in the cation adjusted medium might underlie the loss of SsaALP-LBD activity, but subsequent analysis in PBS buffer containing increasing salt concentrations showed that all three enzymes exhibited similar salt sensitivities (Fig. 5b) . Thus, the nature of SsaALP-LBD sensitivity to MHIIB remains unknown.
As an alternative to MIC determination in MHIIB medium, we then sought to evaluate the enzymes' activities in other biologically relevant contexts. S. aureus frequently causes life-threatening bloodstream infections, and we therefore reassessed enzyme-mediated bacterial lysis in 60 % human serum. Similar to the analysis in MHIIB medium, both LST and LytO-LBD retained higher activities (42 and 38 %, respectively) than did SsaALP-LBD, which was only 5 % active (Fig. 5c) . It was subsequently found that as little as 10 % human serum severely inhibited SsaALP-LBD activity (Fig. S3) . S. aureus is also a major causative agent of acute pneumonias, prompting us to test the activity of the chimeric enzymes in the clinical grade lung surfactant Infasurf, which is widely used in lung surfactant replacement therapy for infants suffering from respiratory distress syndrome (Willson 2001) . In PBS suspensions containing up to 60 % lung surfactant, SsaALP-LBD retained full activity, while LytO-LBD exhibited a trend toward higher activity with increasing lung surfactant (Fig. 5d) . The LST benchmark exhibited an opposing trend, appearing to lose a small fraction of activity with increasing Infasurf concentrations.
SsaALP-LBD kills LST-resistant S. aureus
The catalytic domains of SsaALP and LST target different bonds within the cell wall peptidoglycan, with LST's M23 peptidase domain cleaving glycylglycine bonds and SsaALP's CHAP domain cleaving either peptide bonds or peptide-sugar bonds in the peptidoglycan stem region. We hypothesized that the orthogonal selectivities of the two enzymes would be able to overcome LST resistance if they were used in combination. Using the model LST-resistant S. aureus RN4220 End:Epr cell line (Dehart et al. 1995; Gargis et al. 2010) , we conducted fluorescence kinetic assays treating the bacteria with LST alone, SsaALP-LBD alone, or a combination of the two (Fig. 6) . Compared to the sensitive strain, LST exhibited a 250-fold reduction in lytic activity toward the resistant strain. Compared to LST, SsaALP-LBD was 5-fold less active against the sensitive strain; however, the chimeric enzyme retained 15 % of its activity when tested with the resistant strain. As a result, SsaALP-LBD had a 7-fold higher inherent activity toward the resistant RN4220 cell line. When tested against the sensitive strain, a combination of 500 ng LST with 500 ng SsaALP-LBD was nearly able to recapitulate the activity of 1000 ng of LST, retaining 80 % relative activity. When testing this combination against the resistant strain, the 500/500 ng combination retained 63 % of the activity of a 1000 ng SsaALP-LBD single-agent treatment. Thus, considering both LST-sensitive and LST-resistant bacteria, the combination treatment easily outperformed either single agent, suggesting a potential advantage with respect to mitigating emergence of new resistance phenotypes.
Discussion
One barrier to harnessing autolysins as antibiotics is the highly stringent regulatory mechanisms exerted by bacteria upon these enzymes (Brunskill and Bayles 1996; Cheung et al. 2004; Chu et al. 2013) . In contrast to maintaining bacterial homeostasis, dysregulation of these stringent controls represents a prerequisite to any prospective antibacterial application. Within bacterial cells, transcription, translation, and posttranslational processing are all central to regulating autolysin function, but these (largely) temporal controls are irrelevant to therapeutic use of recombinant enzymes. Instead, spatial control of subcellular localization, which is another physiological regulatory mechanism, likely constrains the antibacterial potency of exogenously applied autolysins. For example, the S. aureus enzymes Sle1, LytN, and Atl all localize specifically to the cross-wall septum of dividing cells (Frankel and Schneewind 2012; Gotz et al. 2014; Schlag et al. 2010) , thereby limiting total exposure of the cell wall and the lytic potential of the enzymes. To address this limitation, we contemplated using the SH3 targeting domain of LST, which has proved to be a potent targeting moiety for chimeric phage lysins (Becker et al. 2009; Donovan et al. 2006; Mao et al. 2013; Schmelcher et al. 2012; Sundarrajan et al. 2014 ). An earlier proof of concept study with the LytM autolysin demonstrated the feasibility of this approach (Osipovitch and Griswold 2015) , and we sought here to extend this strategy by applying it to the panel of novel autolysin candidates.
The literature contains detailed studies on numerous S. aureus autolysins known to be important for cell viability and virulence (Bose et al. 2012; Frankel et al. 2011; Rice and Bayles 2003; Takahashi et al. 2001 ), but we speculate that, generally, bacterial proteomes hold a substantial reservoir of uncharacterized cell wall hydrolases with therapeutic potential. We therefore employed bioinformatics to identify novel S. aureus autolysins based on a SMART domain search for proteins bearing the common SH3 or LysM domains. The list of candidates was filtered for those that also possessed putative catalytic dom ains, leaving five previously uncharacterized enzyme candidates. Expression and preliminary activity analysis showed the LytO and LDP candidates to have lytic activity toward live S. aureus, and analysis of domain truncation variants verified lytic activity in the putative CHAP domain of SsaALP, which could not be isolated in a full-length format. While the full-length PH enzyme had no activity here, fusion of the PH CHAP domain to the LST CWBD yielded an active lytic chimera, suggesting that PH may in fact be a functional autolysin. In all, CHAP domains from four putative proteins were functionally validated, leaving LytH, which bears a MurNAc-LAA catalytic domain, as the only unverified candidate from this study. It bears noting that only a limited range of assay conditions were evaluated here, and given the well-documented activity of other MurNAc-LAA containing proteins (Gotz et al. 2014; Mellroth et al. 2014; Tillman et al. 2013) , we speculate that LytH functionality may ultimately be validated using alternative methods. More generally, our bioinformatics search successfully identified several novel autolysins, but our focus on SH3 and LysM domains was inherently constrained. Looking to the future, we anticipate that even more (and perhaps more active) S. aureus autolysins will be found using different search strategies, and these enzymes may also represent good candidates for development of novel antibacterial agents.
Although four out of five autolysins from this study yielded functional catalytic domains, their activities in native and native-like contexts were generally orders of magnitude lower than that of the well-characterized therapeutic candidate LST. We had hypothesized that suboptimal cell wall targeting generally limits autolysin activity, and subsequent chimeragenesis of our newly validated CHAP catalytic domains with the LST CWBD did indeed enhanced the enzymes' lytic potential. In particular, the activity of SsaALP CHAP was increased 140-fold, and that of PH, which was non-functional in the fulllength native enzyme, was rendered a respectable lytic agent. Thus, we have shown here that fusion of a highly functional CWBD with autolysin catalytic domains is a general strategy for enhancing their antibacterial activity. More broadly, we expect that this approach will prove useful in targeting other Fig. 6 SsaALP-LBD lytic activity toward LST sensitive and resistant strains. Rate of lysis (change in mean fluorescence intensity per second), measured by a fluorescence assay, is shown for the LSTsensitive strain RN4220/PLI50 and the LST-resistant strain RN4220/ PLI50::end epr (Gargis et al. 2010; DeHart et al. 1995) . Note the logscale axis. For both enzymes, 500 and 1000 ng correspond to 0.07 and 0.15 μM, respectively. Values represent background subtracted means from triplicate measurements run in biological duplicate, with error shown as standard deviation microbial pathogens, as each bacterial species will encode panels of specific autolysins that might be co-opted through gain of function engineering with appropriate cell wall targeting moieties. Considering the enormous diversity of prokaryotes whose existence is dependent upon constant remodeling of peptidoglycan, we believe that autolysin engineering will open the gates to a vast reservoir of previously untapped therapeutic candidates. Leveraging appropriate molecular design and modification, we might in the future turn pathogens' endogenous cell wall maintenance machinery against them in the form of specific and potent antibacterial drugs.
